The geometries and isomerization of the alkylidene silylenoid H2C = SiLiF as well as its insertion reactions with R-H (R = F, OH, NH2) have been systematically investigated at the B3LYP/6-311+G* level of theory. The potential barriers of the three insertion reactions are 97.5, 103.3, and 126.1 kJ/mol, respectively. Here, all the mechanisms of the three reactions are identical to each other, i.e., an intermediate has been formed first during the insertion reaction. Then, the intermediate could dissociate into the substituted silylene (H2C = SiHR) and LiF with a barrier corresponding to their respective dissociation energies. Correspondingly, the reaction energies for the three reactions are -36.4, -24.3, and 3.7 kJ/mol, respectively. Compared with the insertion reaction of H2C = Si: and R-H (R = F, OH and NH2), the introduction of LiF makes the insertion reaction occur more easily. Furthermore, the effects of halogen (F, Cl, Br) substitution and inorganic salts employed on the reaction activity have also been discussed. As a result, the relative reactivity among the three insertion reactions should be as follows: H-F > H-OH > H-NH2.
Introduction
Silylenes are significant, highly reactive organosilicon compounds. 1 The chemistry of silylenes has enjoyed a few decades of explosive growth, and stable silylenes have been reported. [2] [3] [4] Similar to carbenoid, silylenoid is the complex formed between the silylene and inorganic salt, which can be denoted as R 1 R 2 SiMX (M = alkali metal, X = halogen). Early in the 1960s, silylenoids were postulated as intermediates in some organosilicon reactions. 5, 6 Since then people tried to detect, even to obtain some silylenoid species as well as to probe into their structures and properties. [7] [8] [9] [10] [11] [12] [13] However, as a kind of very reactive species, the preparation of silylenoids is very difficult. Until 1995, Tamao et al. 14 reported the first experimental study of silylenoid chemistry, detected the existence of [(tert-butoxy)diphenylsilyl]lithium, Ph2SiLi(OBu-t), and investigated its chemical properties. In 1998, Tanake et al. 15 studied the self-condensation reaction of lithium (alkoxy)silylenoid as a model of Ph2SiLi (OBu-t) using ab initio method. In 2004, Lee et al. 16 reported the synthesis of stable halosilylenoids (Tsi)X 2 SiLi (Tsi = C-(SiMe3)3; X = Br, Cl) at room temperature. Thus, a great breakthrough has been experimentally made in the research of silylenoids. The theoretical studies on silylenoids were lagged. In 1980, Clark et al. 17 studied theoretically the isomers of lithofluorosilylenoid H2SiLiF by ab initio calculations for the first time. Feng et al. have studied some silylenoids such as R 1 R 2 -SiMX (R1,R2 = H, F, OH, NH2, Me, Et; X = F, Cl, Br; M = Li, Na, K, etc.) by quantum chemistry theory on their structures, stability, isomerization, insertion reactions, and addition reactions etc. [18] [19] [20] [21] Furthermore, the theoretical study of the structures and isomerization of silylenoid Ph2SiLi(OBu-t) have been performed by Feng's group, 22 they found the calculated result is well consistent with the experimental presuming. Both experimental and theoretical results show that silylenoids have ambiphilic character, nucleophilicity and electrophilicity, and can take part in many reactions. Such reactions as insertion, addition, and polymerization were recognized as important and effective methods for preparation of the new silicon-bonded and heterocyclic silicon compounds. Therefore, further thorough investigations on silylenoids will be of important theoretical and practical values.
The unsaturated silylenoids R1R2C = SiMX and HN = SiMX are another kinds of silylenoids. At present, their existence, structures, and chemical properties have not been studied experimentally. Recently, Li et al. have studied the geometries and isomerization reaction of unsaturated silylenoid H2C = SiNaF 23 and H 2 C = SiNaBr theoretically, 24 Wang et al. 25 have studied the geometries and insertion reaction with R-H of HN = SiMX.
Similarly, alkylidene silylenoid H2C = SiLiF is one of the simplest unsaturated silylenoids. However, its relevant geometries and reaction activities with R-H type molecules are still lack. By using H2C = SiLiF as a model, a detail theoretical study on its structures, stability, and insertion reaction with R-H (R = F, OH, and NH2) will be reported in present study. Hopefully, the present results would be helpful for further experimental and theoretical studies on silylenoids.
Calculation Method
The popular hybrid density functional B3LYP method, namely Becke's three-parameter nonlocal exchange functional 26 with the nonlocal correlation functional of Lee, Yang, and Parr, 27 and 6-311+G* basis set including diffuse and polarization functions have been employed comprehensively. The B3LYP/6-311+G* level of theory has been proved relatively accurate to treat with the relevant insertion reactions in our previous study. 28 To furth- er evaluate the validity of it, the relevant H2C = SiLiF complexes have been calculated using the advanced MP2/6-311+G* level of theory. Overall, both levels of theory can give the parallel results consistently. Considering the compromise between computational cost and accuracy and especially for comparison with the HN = SiNaF system on the same benchmark, the results of B3LYP/6-311+G* level of theory have been discussed below if not noted otherwise. Subsequently, frequency analyses have been carried out to confirm the nature of the minima and transition states. Moreover, intrinsic reaction coordinate (IRC) calculations have also been performed to further validate the calculated transition states connecting reactants and products. Additionally, relevant energy quantities, such as reaction energy and barrier energies, have been corrected with zero-point vibrational energy (ZPVE) corrections. All the calculations have been performed using Gaussian 98 programs. 29 
Results and Discussion
Similar to the unsaturated carbene H2C = C:, silylene HN = Si:, 25 the most stable alkylidene silylene H2C = Si: is also in singlet, where the singlet state is more favorable about 246.8 kJ/mol in energy relative to that of triplet state at the B3LYP/ 6-311+G* level of theory. Thus, the singlet state of H2C = Si: has been discussed in the following study. As displayed in Figure  1 , Si atom adopts sp hybridization, where one of sp hybridization orbitals of Si forms σ bond with C atom and two electrons of Si occupy the other sp hybridization orbital. As for the two vertical p orbitals of Si atom, one forms π bond with the corresponding p orbital of C and the other is the empty orbital without electron. Obviously, the empty p orbital and the sp hybridization orbital in Si atom have electrophilicity and nucleophilicity, respectively. Expectedly, the complexation between the double func-tionality of Si atom and the strong polar inorganic salts (eg., NaF and LiF) should lead to the different complexes. As a result, full geometry optimizations suggest that three stable equilibrium structures for H2C = SiLiF directly associated with the Si atom have been located as well as two transition states connecting them (in Figure 2 ). Correspondingly, the complexation processes of three stable complexes are schematically displayed in Figure 3 .
Structures and relative stabilities of H2C = SiLiF. As displayed in Figure 2 , complex 1 is characterized by a four-membered ring structure. Obviously, as shown in Figure 3 , complex 1 was formed when lone pair of F in LiF molecule transfers to the empty sp-orbital of Si accompanying the electron transfer from C to Li + . Here, the hybridization of C atom has been changed from sp 2 to sp 3 upon complexation. From the bond lengths, it can be seen that the C = Si and Li-F bonds of complex 1 are weaker than those corresponding monomers, where both bonds are elongated by about 0.061 and 0.188 Å upon complexation, respectively. Overall, the stability of complex 1 has been enhanced through the donating of partial sp 3 electrons of C atom to the positive Li atom and the feedback of an electron lone pair of F atom to the sp-orbital of Si atom, resulting in the formation of the electron circle of F → Si → C → Li. As shown in Table 1 , complex 1 has been stabilized by about 161.3 kJ/mol relative to those of monomers, which is the most stable one among the available complexes. Complex 2 is characterized by a three-membered ring structure formed among Si, Li, and F atoms, which is in Cs symmetry. Similar to complex 1, Si atom adopt sp hybridization. Complex 2 can be regarded as a product originating from the interaction between Li + and F in LiF and the sp occupied and p empty orbital in Si, resulting in the formation of the donor-acceptor bonds of Si → Li and F → Si, respectively. Relative to the respective monomers, the C = Si and Li-F bonds have been slightly shortened and elongated by 0.008 and 0.148 Å upon complexation, respectively. Obviously, the three-membered ring structure has more ring strain compared with complex 1. As a result, complex 2 has been stabilized by about 110.9 kJ/mol relative to the corresponding monomers. As for complex 3, it is characterized by a linear structure, which is in C∞v symmetry. Here, as displayed in Figure 3 , Si atom takes sp hybridization and the complex 3 was formed when the electrons of the sp-occupied orbital in Si migrate to Li + . As a result, the C = Si and Li-F bonds have been shortened and elongated by about 0.011 and 0.011 Å upon complexation, respectively. As shown in Table 1 , complex 3 has been only sta-bilized about 19.7 kJ/mol relative to the monomers of H2C = Si: and LiF.
Isomerization reactions of H2C = SiLiF. As displayed in Figure 2 , two transition-state structures 4 and 5 have been located. Further IRC calculations suggest that they are the true transition states for the isomerization reactions between complexes 1-2 and 2-3, respectively. Vibration analysis calculations indicate that the unique imaginary frequencies of structures 4 and 5 are 101.2i and 18.1i cm -1 , respectively. As presented in Table 1 , the potential barrier from complex 1 to 2 is 55.8 kJ/mol and the reverse reaction is only 5.4 kJ/mol, implying the easy isomerization from the latter to the former. Similarly, the potential barrier from complex 2 to complex 3 is 141.7 kJ/mol and the reverse is only 0.1 kJ/mol. Thus, complex 1 should be the predominant form of H2C = SiLiF in the gas phase thermodynamically and kinetically.
As mentioned above, we have also investigated the relevant H2C = SiLiF species at the MP2/6-311+G* level of theory. As shown in Table 1 , the validity of the B3LYP/6-311+G* level of theory can be confirmed from the consistent tendency between MP2 and B3LYP method. Thus, in the following study, complex 1 has been selected to investigate its insertion reactions with some small molecules R-H(R = F, OH, and NH2) at the B3LYP/ 6-311+G* level of theory.
Insertion reactions of H2C = SiLiF and R-H. The structures and energies of the transition states:
As mentioned above, complex 1 is characterized by a four-membered ring structure and there is an exposed space that can be attacked As displayed in Figure 4 , the calculated transition states TS1-TS3 in the insertion reactions have the similar structures. Here, the calculated unique imaginary frequencies are 1289.5i, 1532.7i, and 1570.9i cm -1 for TS1, TS2, and TS3, respectively.
Compared with the isolated H 2 C = SiLiF, the bond distance between Si and F 1 have been slightly shortened by 0.086, 0.034, and 0.035 Å when R is F, OH, and NH2, respectively. On the other hand, the bond distance of R-H 3 has been elongated significantly to 1.257, 1.285, and 1.393 Å, respectively. Thus, in these transition states, the R-H bond is to be broken and a new Si-H 3 bond to be formed simultaneously. Correspondingly, relevant energy quantities about transition states have been summarized in Table 2 .
For the sake of comparison, we have also investigated the insertion reaction between silylene H2C = Si: and R-H (R = F, OH, and NH2) at the same calculation level, which can be denoted as the Scheme (1) and relevant energy quantities have been summarized in Table 2 . Similarly, the insertion reaction proceeds first through a transition state (TS), where the barriers are 378.6 (R = F), 384.6 (R = OH), and 365.6 kJ/mol (R = NH2), respectively. Obviously, the barriers are higher 239.5 ~ 281.3 kJ/mol than those of reactions in the presence of LiF. Thus, the positive role of inorganic salts like LiF should be emphasized in the insertion reaction.
The structures and energies of the intermediates and products: As displayed in Figure 4 Further population analyses suggest that the net charges on Li (F 1 ) of intermediates are 0.578 (-0.396), 0.557 (-0.430), and 0.548 (-0.400) when R = F, OH, and NH2, respectively. Thus, the intermediate can be a strong ionic complex formed by H2C = SiHR, F -, and Li + three fragments. With the increasing of the distance between H2C=SiHR and LiF fragments, these intermediates can be dissociated. To investigate this dissociation process, the potential energy curve for the IM1 has been constructed along the distance between H2C = SiHR and LiF fragments. As displayed in Figure 5 , the energy of the system increases continuously before dissociation. Actually, no transition state has been located for this dissociation process to our best ability. Thus, the dissociation energy should be the barrier height required for this dissociation process.
Additionally, as shown in Table 2 , compared with the reactants, three intermediates have been stabilized by about 238.5 (R = F), 216.3 (R = OH), and 170.6 (R = NH 2 ) kJ/mol, respectively. Correspondingly, the relative energies of the final products are -36.4, -24.3, and 3.7 kJ/mol, suggesting that the insertion reactions of H2C = SiLiF and RH (R = F, OH) should be exothermic processes, On the other hand, the reaction should be endothermic processes when R = NH2. As a result, the relative order in reaction energies is as follows: R = F > R = OH > R = NH2.
The mechanism of insertion reactions: Taking the process of inserting H-F bond as an example, IRC calculations have been performed on the basis of the calculated TS1 to investigate the mechanism of the insertion process (see Figure 6 ). Correspondingly, charge distributions for the selected atoms along the reaction coordinates have been presented in Table 3 .
As shown in Table 3 , the charges at the Si and F 2 atoms in- crease gradually when the insertion reaction proceeds. At the same time, as displayed in Figure 6 , the distance between them decreases gradually, suggesting the formation of the Si-F 2 bond. On the other hand, as for the bond lengths of H 3 -F 2 and Si-H 3 , they increase and decrease with the proceeding of the reaction, implying the break of the former and the formation of the latter, respectively.
The comparisons of the insertion reactions: As shown in Table 2 , the calculated barrier heights are 97.5, 103.3, and 126.1 kJ/mol for the three different inserting reactions of R = F, OH, and NH2, respectively, exhibiting their different reactivity. Correspondingly, the calculated reaction energies are -36.4, -24.3, and 3.7 kJ/mol, respectively. Thus, from the thermodynamic and kinetic viewpoints, the insertion reactions should occur easily in the order of H-F > H-OH > H-NH2 under the same condition. This point is also consistent with the calculated positive charges on the H atoms of the electrophiles, where the charges on the H atoms are 0.417, 0.369, and 0.349 in HF, H 2 O, and NH 3 , respectively. However, the relative activity is almost reversed if the negative charges on the R atoms of the nucleophiles are considered. Here, the charges on the R atom are -0.417, -0.739, and -1.048 in HF, H2O, and NH3, respectively. Thus, it seems that the insertion reactions should be predominated by the electrophiles attack.
To get more insights into the reactive activity of the insertion reactions upon halogen substitution, we have also investigated the insertion reaction of silylenoid of X'2C = SiLiF (X' = H, F, Cl, Br) into R-H. Taking the insertion reaction into HF as an example, as shown in Table 4 , the barrier heights have been decreased more or less, suggesting the increase of the reactivity upon halogen substitution. At the same time, the halogen substituted cases have a similar reaction activity, which can be reflected from their similar barrier heights and reaction energies.
The influences of the inorganic salts in the insertion reactions: To investigate the role of different inorganic salts in the insertion reaction, the NaF, NaCl, and LiCl have been employed for comparison with LiF. Taking the insertion reaction into H-F as an example, as shown in Table 5 , the barrier height has been decreased by about 281.1 ~ 315.8 kJ/mol in the presence of various inorganic salts, implying the positive role of the introduction of inorganic salts. Moreover, different inorganic salts have different influences on the reaction activity. For example, the barrier heights for the insertion reactions containing Cl atom are lower than those containing F atom. As a result, the positive role of LiCl is much clearer than other inorganic salts in the present study.
Conclusions
In the present study, the geometries and isomerization of unsaturated silylenoid H2C = SiLiF as well as its insertion reactions with R-H (R = F, OH, NH2) have been systematically investigated employing the B3LYP density functional method. Three stable complexes of H2C = SiLiF have been located and the most stable one is characterized by a four-membered ring structure. The barrier heights of the three insertion reactions are 97.5, 103.3, and 126.1 kJ/mol at the B3LYP/6-311+G* level of theory, respectively. All the mechanisms of the three reactions are identical to each other, i.e., an intermediate has been formed first during the insertion reaction. Then, the intermediate could dissociate into the substituted silylene (H2C = SiHR) and LiF with a barrier corresponding to their corresponding dissociation energies. As a result, the relative reactivity among the three insertion reactions should be as follows: H-F > H-OH > H-NH 2 . The reaction activity of the insertion reaction of alkylidene silylene H2C = Si: has been strengthened significantly upon introductions of various inorganic salts. Compared with the insertion reaction of HN = SiNaF into R-H, alkylidene silylenoid H2C = SiLiF has higher reaction activity and is more easy to insert the R-H bond. Additionally, the halogen substitution effects on the reaction activity have also been discussed. Hopefully, the present results are expected to fill a void in the available data for the study of the interactions between the unsaturated silylenoid and the molecules possessing the R-H characteristics.
